The staining algorithm is introduced to improve the signal-tonoise ratio (S/N) of poorly illuminated subsurface structures in seismic imaging. However, the amplitudes of the original and the stained wavefield, i.e., the real and the imaginary wavefields, differ by several orders of magnitude, and the waveform of the stained wavefield may be greatly distorted. We have developed a generalized staining algorithm (GSA) to achieve amplitude preservation in the stained wavefield. The real wavefield and the stained wavefield propagate in the same velocity model. A source wavelet is used as the source of the real wavefield; however, the real wavefield is extracted from the stained area as the source of the stained wavefield. The GSA maintains some properties of the original staining algorithm. The stained wavefield is synchronized with the real wavefield, and it contains only information relevant to the target region. By imaging with the stained wavefield, we obtain higher S/Ns in images of target structures. The most significant advantage of our method is the amplitude preservation of the stained wavefield, which means that this method could potentially be used in quantitative illumination analysis and velocity model building. The GSA could be adopted easily for frequencydomain wavefield propagators and time-domain propagators. Furthermore, the GSA can generate any number of stained wavefields. Numerical experiments demonstrate these features of the GSA, and we apply this method in target-oriented modeling and imaging as well as obtaining amplitude-preserved stained wavefields and higher S/Ns in images of target structures.
INTRODUCTION
In general, seismic migration is a wave propagation-based process that focuses reflections and diffractions and yields seismic images of subsurface areas. Migration plays a significant role in the processing of seismic data, and it is reliable and effective for resolving most subsurface structures. However, the limited acquisition geometry, overburden complexity, and the reflector dip angle may result in poor illumination of a subsurface target (Xie et al., 2006) , which is problematic for seismic imaging. Subsalt areas are among the most problematic areas for seismic prospecting. During wave propagation, amplitude loss and defocusing occur at each transmission through the highly reflective salt boundaries (Leveille et al., 2011) . The consequent amplitude loss, defocusing, and the weak reflectivity of the reflector result in a reduction in energy below the salt (Jackson et al., 1994; Muerdter and Ratcliff, 2001; Leveille et al., 2011; Liu et al., 2011) . In such a poorly illuminated area, the amplitude of the signal is even weaker than local multiples and scattered noise, which is destructive to the image in most cases.
Many approaches have been proposed to improve the image quality of weakly illuminated regions. Acquisition aperture correction in the local angle domain (Cao and Wu, 2009 ) enhances the image amplitude significantly. Illumination compensation for subsalt imaging (Gherasim et al., 2010; Shen et al., 2011; Yang et al., 2012 ) is used to improve seismic wave signals in subsalt areas. The propagation wavepaths of multiple reflections are different from those of the primary reflections; therefore, multiples may be used to enhance signals from poorly illuminated subsalt areas. Multiple scattered waves are used to image subsalt structures that are not sufficiently illuminated by primary waves (Guitton, 2002; Malcolm et al., 2008) . Liu et al. (2011) modify the conventional reverse time migration (RTM) methodology by using multiples as constructive reflection energy for imaging. An accurate velocity model facilitates the generation of good images, and therefore model-building technology can greatly improve images of weakly illuminated areas (Fliedner et al., 2007; Liu et al., 2007; Mosher et al., 2007; Wang et al., 2008; Ji et al., 2011) . In particular, Tang and Biondi (2011) propose a target-oriented strategy for efficient wave-equation migration velocity analysis of complex geologic settings.
The staining algorithm is a processing technique used in seismic migration that improves the signal-to-noise ratio (S/N) of poorly illuminated areas (Chen and Jia, 2014) by muting target-unrelated information from the migration results. The concept of the staining algorithm was inspired by a method in developmental biology called fate mapping (Dale and Slack, 1987; Gilbert, 2000; Ginhoux et al., 2010) . With the staining algorithm, when the seismic wavefront reaches the "stained" target structure, reflection and transmission occur normally, but will be automatically labeled and traced in subsequent propagation. Thus, a stained wavefield is generated in addition to the real wavefield. The stained wavefield is synchronized with the real wavefield, but it includes only responses relevant to the stained structure. When a stained wavefield is used, nontarget information, including signals and noise, is muted from the migration results. Therefore, the S/N of the target structures is improved. The staining algorithm is regarded as a wavefield reconstruction strategy that is closely related to redatuming methods (Mulder, 2005) . The staining algorithm is adaptable to most time-space-domain propagators and is easy to implement. The complex-domain acoustic-wave equation is used in the original staining algorithm. Consequently, the amplitude of the original stained wavefield is several orders of magnitude smaller than that of the real wavefield, and the waveform of the original stained wavefield is greatly distorted. Therefore, the amplitude of the image from the original stained wavefield is several orders of magnitude smaller than the RTM image.
Preservation of the amplitude information is one of the key considerations in seismic data processing. In the past few decades, efforts have been made to obtain accurate phase and amplitude information for seismic modeling and imaging. Kirchhoff migration (Carter and Frazer, 1984; Gray, 1986; McMechan and Fuis, 1987; Keho and Beydoun, 1988 ) is used in wavefield extrapolation and seismic migration to image steeply dipping reflectors. Gaussian beams were introduced to construct the Green's function for wavefield extrapolation (Cerveny and Psencik, 1983; Wapenaar et al., 1989; Hill, 1990) . Kirchhoff migration and the Gaussian beam method are based on ray theory. However, solving wave equations directly has an advantage for calculating the amplitude. Compared with one-way wave equation-based methods (Ristow and Ruhl, 1994; Mulder and Plessix, 2004) , full-wave equation-based methods (Baysal et al., 1983; McMechan, 1983; Mulder and Plessix, 2004) represent the amplitude information more accurately. De Bruin et al. (1990) determine the reflectivity of subsurface media by eliminating the contributions of the source, the downgoing wavefield propagator, and the upgoing reflected wavefield propagator to the surface shot record based on the monochromatic acoustic 2D forward model. Tarantola (1984a) solves the inversion problem in the acoustic approximation of seismic reflection data based on the generalized least-squares criterion. Pseudooffset migration was introduced in the converted-wave prestack time-migration method to obtain amplitude-preserved images from anisotropic media (Zhang and Liu, 2008) .
In this paper, we reconstruct the stained wavefield in the modeling portion of the complex-domain staining algorithm (CDSA) and modify the amplitudes and the waveforms of the stained wavefield. Our method maintains the correspondence between the stained wavefield and the subsurface target structures. We apply this new staining algorithm to RTM and obtain high-S/N images of weakly illuminated structures. A stained wavefield with correct amplitude information is potentially useful in other fields of seismic data processing, such as velocity model building and quantitative illumination analysis.
WAVE EQUATION IN THE COMPLEX DOMAIN
The conventional staining algorithm is based on the constant-density full-acoustic-wave equation in the complex domain (O'Connell and Budiansky, 1978; Pujol, 2003; Baev, 2013 Baev, , 2015 Chen and Jia, 2014) , given by
where Δ is the Laplace operator, the overbar denotes the real part, and the tilde denotes the imaginary part of all variables. Accordingly,p refers to the real wavefield andp refers to the stained wavefield;v refers to the real-velocity model andṽ refers to the stained area. The functionṽ is set to be zero in nonstained areas, and in the stained area, v → 0. Here,s is the real source. Separating the real and the imaginary parts of equation 1 and neglecting the higher order infinitesimal terms 2vṽ Δp andṽ 2 , we obtain
wheres is regarded as the virtual source of the stained wavefield. The temporal spectrum of solution to equations 3 and 4 is
where G is the Green's function for equation 3, F denotes Fourier transforms, and k denotes the wavenumber. Equation 5 is similar to the Born modeling equation
where δv refers to the velocity perturbation, v 0 is the velocity model, p o is the background wavefield, and δp is the scattered wavefield. Equation 5 is equivalent to equation 6; therefore, mathematically, the stained wavefield in the CDSA is essentially a scattering wavefield for a very small velocity perturbation. Note that in the CDSA, the real wavefieldp is regarded as the background wavefield; therefore, higher order scattering is also generated. We find that the real source wavelets and the virtual sources propagate independently in the same velocity modelv. From equations 2 to 4, we know thats only contributes top, ands corresponds top. The functionp has no effect onp; however, as equation 4
shows,p provides the source forp. The virtual source term is defined byṽ andp. These relationships indicate that the stained wavefield is only excited when wavefronts of the real wavefield reach the stained area.
The amplitude of the real wavefield is usually much larger than that of the stained wavefield. Moreover,s is equal to 2vṽ Δp; therefore, the waveform of the stained wavefield is related to Δp. Consequently, compared with the real wavefield, the waveform of the stained wavefield is greatly distorted. The virtual sources must be modified to obtain an amplitude-preserved stained wavefield that has the same amplitude and waveform as the real wavefield.
AMPLITUDE PRESERVATION OF THE STAINED WAVEFIELD
To obtain an amplitude-preserved stained wavefield, we construct the equations for the real and the stained wavefields as ∂ 2p ∂t 2 ¼v 2 Δp þs;
Equations 9 and 10 are the boundary conditions. Note that in the generalized staining algorithm (GSA), D labels the stained area instead ofṽ. In the CDSA, a small value is assigned toṽ at the stained area; in the GSA, we define D ¼ 1 at the stained area and D ¼ 0 otherwise. In the CDSA,p andp are the real and imaginary parts of the complex-valued wavefield p, respectively. However, in the GSA,p propagates independently fromp after the complete source injection, which is the only connection between the two wavefields.
The Kirchhoff integral (Wiggins, 1984; Docherty, 1991) where r 0 refers to the location of the source in volume V c , r 0 0 refers to the vector from the origin to the integration point on S, r refers to the spatial location outside of volume V c , τ is the time at which the wavefield is observed, D ¼ 1 is the boundary of volume V c , and G is the Green's function. The Kirchhoff integral enables us to reconstruct the wavefield on one side of a closed surface with sources on the other side through calculating the surface integral in equation 11 using the surface wavefield. The Kirchhoff integral requiresp and ∂p∕∂n at the boundary of V c to reproduce the real wavefieldpðrÞ. When the stained area D ¼ 1 is a boundary with a proper thickness, the first-order partial derivative ∂p∕∂n can be determined accurately by equation 9. In this situation, the boundary is actually an area, and the first-order partial derivative ∂p∕∂n is determined anywhere within the area except for the boundary of the area.
The required thickness depends on the propagator. Assume that an h-order spatial accuracy explicit FD propagator is used for the stained wavefield propagation. The first-order partial derivative ∂p∕∂n is determined by the previous wavefield on h∕2 grid points nearby in direction n. This means that given the wavefield at the boundary with thickness of ðh∕2Þ − 1 grid intervals, ∂p∕∂n can be determined accurately by equation 9. A thinner boundary leads to an incorrect ∂p∕∂n, which makes the stained and real wavefields inconsistent. In this way, GSA reproduces the real wavefield within the boundary based on the Kirchhoff integral. The GSA for a closed staining design is actually a numerical way to perform the Kirchhoff integral. The reproduced real wavefield is called the stained wavefield. Figure 1 shows the workflow chart for the GSA. First, we calculatepðjÞ, where j denotes a given time step. Then, we link the two wavefields bypðj − 1Þ ¼pðj − 1Þ at the stained area and we Generalized staining algorithm T19 calculatepðjÞ. After a full iteration, we obtain the forward-propagating source real wavefield and the forward-propagating source stained wavefield. By calculating the conventional backward-propagating receiver wavefield and crosscorrelating it with the two forward-propagating source wavefields, we produce images of the conventional RTM and the GSA simultaneously.
The Kirchhoff integral enables us to reproduce the real wavefield on one side of a closed surface due to sources on the other side. If the stained area is closed surrounding the real source,p is equivalent top at any location within the boundary. In this case, the illumination of the structures could not be improved with this method because all information within the boundary is reproduced. A closed boundary is required to reproduce the real wavefield at any location within the closed boundary, whereas for a small-scale target, a closed boundary is unnecessary to achieve amplitude preservation for the staining wavefield; a local small-scale staining area that covers most of the energy of the direct arrival from the source to the target is sufficient. As shown in the example illustrated in Figure 2, the stained line could not cover the entire wavefield that reaches the target from all directions; however, it covers most energy of the direct arrival from the source. This coverage guarantees the amplitude preservation of the direct arrival from the source to the target, such that relevant reflections and transmissions of the structures of interest are amplitude preserved. According to migration theory, primary waves contribute most of the energy to the image of a reflector. With a proper staining design, the GSA is able to reproduce the information relevant to the target structure and remove other information irrelevant to the target structure to improve the image quality of the target structure. Figure 3 shows a sketch of a GSA. The source is above the stained area as the horizontal line marks. The Kirchhoff integral enables us to reconstruct the wavefield on one side of a closed surface due to sources on the other side; therefore, the effect of the original source below the stained area is reproduced by the real wavefield in the stained area. This conclusion is also consistent with Huygens' principle. However, the stained wavefield above the stained area is usually not correct. The incorrect stained wavefield above the stained area can be muted based on the direction of propagation. Our method is also appropriate for complex, heterogeneous media. Further numerical tests demonstrate the amplitude preservation of the stained wavefield for a nonclosed stained area in complex velocity models.
Several factors have effects on the amplitude preservation for the stained wavefield. The location and range of the stained area determine the difference between the stained and real wavefields. To obtain an amplitude-preserved stained wavefield, a location directly over the target structure is selected for staining because the real source is usually above the target structure and the stained area must be sufficiently close to the target. The range of the stained area should be larger than the scale of the target to fully cover energy from all shots. A ray-tracing experiment may be helpful for defining the location and range of the stained area. In general, the stained wavefield below the stained area is consistent with the real wavefield. However, the GSA generates diffraction and a backwardpropagating wavefield above the stained area. The boundary with the required thickness is called a line staining in our work, and a thicker boundary is called an area staining. When a simply connected area is stained, the GSA presents the same stained wavefield as would be generated if only the boundary of the simply connected area were stained; however, with complex area staining, more diffraction will be produced than with line staining. Therefore, a stained line is typically preferable to a stained area. Furthermore, a straight line is used rather than a curved line to avoid potential numerical diffraction in the finite-difference method, although both straight and curved lines produce relatively accurate stained wavefields below the stained location. The spatial grid interval affects the accuracy of the stained wavefield. If the grid interval is too large, artificial diffraction will be generated, in which case grid refinement is necessary.
With the GSA, we obtain an amplitude-preserved stained wavefield. With the CDSA, the amplitude of the stained wavefield is several orders of magnitude smaller than the real wavefield and the waveform of the stained wavefield is greatly distorted. The amplitude-preserved stained wavefield is therefore potentially more useful for seismic processing.
IMAGING CONDITIONS
An amplitude-preserved stained wavefield is applied to RTM, and we obtain an amplitude-preserved image. In our research, a zero-lag crosscorrelation imaging condition (Claerbout, 1971 ) is used to obtain the migration image. For the GSA, two forward-propagating wavefields are generated according to equations 7 and 8; one is the real wavefieldpðr; tÞ, and the other is the stained wavefieldpðr; tÞ, where r denotes the spatial location. The backward-propagating receiver wavefield is the conventional receiver wavefield Rðr; tÞ. The two forward-propagating source wavefields are crosscorrelated with the backward-propagating receiver wavefield, respectively, and we have 
where T is the maximum recording time, I r ðrÞ denotes the conventional RTM image, and I s ðrÞ denotes the migration image generated by the stained forward-propagating source wavefield. We callpðr; tÞ the generalized stained wavefield, and I s ðrÞ the generalized staining image.
NUMERICAL EXAMPLES
Several numerical experiments were conducted to demonstrate the application of the GSA in the modeling kernel of migration and RTM. The finite-difference method in the time-space domain is used in the following examples.
A three-layered model is designed to evaluate the amplitude preservation of the stained wavefield when the stained area is closed and irregular in heterogeneous media. Figure 4a shows the three-layered model, and Figure 4b gives the seismograms for the real and stained wavefields at the receiver location in Figure 4a . Because the source is outside of the closed stained area and the receiver is inside the closed stained area, the two wavefields shown in Figure 4b are indistinguishable, which is predicted by the Kirchhoff integral theory. Figure 4c shows the amplitude difference between the real and the stained wavefields. Compared with the amplitude of the real and stained wavefields, the amplitude difference can be omitted. The GSA is able to reproduce the real wavefield when the stained area is closed.
To evaluate the amplitude preservation of the stained wavefield when the stained area is not closed, we have designed a constant velocity model, as shown in Figure 5a . The source is a Ricker wavelet with a dominant frequency of 25 Hz, a time shift of 0.72 s, and a location at (4.0 and 2.4 km). Figure 5b-5d shows the seismograms of the stained and real wavefields at location (4.0 and 3.2 km) for different staining scales. The staining scales vary from a single point (4.0 and 2.5 km) to long lines with the midpoints at (4.0 and 2.5 km). As the stained line is lengthened, the stained wavefield converges with the real wavefield. When the length of the stained line is 0.8 km, the two wavefields are nearly identical. When an appropriate area is stained, the stained wavefield is amplitude preserved even though the stained line is not closed around the target area, and the appropriate stained area can be limited to a particular small-scale area. Note that in the case of multiple shots, the staining scale should be larger to capture sufficient energy from the various shots.
Next, we have applied the GSA to complex velocity models to evaluate its performance in seismic modeling and migration. Figure 6 shows a four-layer model. The velocities of the four layers, from shallow to deep, are 2.5, 3.0, 3.5, and 4.5 km∕s. The red line marks the stained location. We recorded the real and stained wavefields at the locations (2.4 and 2.4 km) and (2.8 and 2.7 km), respectively. The source is a Ricker wavelet with a dominant frequency of 25 Hz, a time shift of 0.72 s, and a location at 4.0 km at the surface. Figure 7 shows the seismograms obtained from the location (2.4 and 2.4 km). Figure 7b and 7c shows the enlargements of Figure 7a . By normalizing the amplitudes in Figure 7b and 7c, we obtain the wavefields as shown in Figure 7d and 7e, respectively. illustrates that staining such as that shown in Figure 6 catches the most energy of the direct wave that travels from the source to the recording point. However, this staining hardly catches multiples or signals in other directions. Consequently, the generalized stained wavefield matches the real wavefield perfectly from time 0.9 to 1.3 s; however, in the time window of [2.0 s, 2.5 s], the generalized stained wavefield matches the real wavefield poorly. Compared with the generalized stained wavefield seismogram, the real wavefield seismogram records many more multiples and other waves. It is advantageous for the GSA to obtain an exclusive image of the target structure, whereas RTM obtains a more comprehensive image of all structures. In addition, the endpoints of the stained line may be secondary sources of diffraction. This diffraction and its reflection and transmission influence the amplitude and waveform of the stained wavefield slightly. In general, the amplitude of such diffraction is much smaller than the amplitude of the stained wavefield. Furthermore, from Figure 7 , we find that the generalized stained wavefield matches the real wavefield much more closely than does the complex-domain stained wavefield. Figure 8 shows the seismogram obtained at the location (2.8 and 2.7 km), which directly overlies the dipping reflector. The seismogram shows the primary reflection from this reflector. The GSA reconstructs this primary reflection, and this reconstruction is similar to the real wavefield in amplitude and waveform; i.e., the primary reflection from the dipping reflector is amplitude preserved. Therefore, this method guarantees that the generalized staining image will be consistent with the RTM image for the target structures. Figure 9 shows three different staining designs, and Figure 10 shows the seismograms of the stained wavefields when using the staining designs in Figure 9 , respectively. For all three staining designs, the GSA generates seismograms that have nearly identical amplitudes and waveforms; the slight differences were caused by diffraction of the wavefield associated with different truncations at the endpoints of the stained area. As shown in Figure 10 , the spreading of staining along the direction of wave propagation is flexible based on the staining design. However, spreading along the orthogonal direction is the key consideration for generating an accurate stained wavefield, as shown in Figure 5 . Figure 11 shows the migration results for the model shown in Figure 9 . Nine shot gathers were used in this experiment. The first shot location is 0.8 km at the surface, and the source interval is 0.8 km. Figure 9 shows three different staining designs, with red shapes denoting the stained locations. Figure 11a shows the conventional RTM image. Figure 11b-11d shows the corresponding images from using the GSA with the three staining designs in Figure 9 , respectively. Figure 11e shows the imaginary image from the CDSA for the straight red line staining design in Figure 9a . The three GSA images reveal that the shape of the stained line is arbitrary as long as it captures most of the energy of the direct arrival from the source point to the target structure. All of these staining designs yield clear and sharp images of the dipping interface. When the stained area is a straight line or curve, an artifact exists at the location of the stained line, which is caused by the backward-propagating wave over the stained line. The backwardpropagating wave is crosscorrelated with the receiver wavefield, and an artifact is generated. When a 2D stained area is used instead of a line, the backward-propagating wave is generated by the upper boundary of the stained area over the propagation of the stained wavefield. Therefore, an artifact occurs at the same location at the upper boundary of the stained area. The amplitude of this artifact is much smaller than that of the target structure, and it is predictable based on the staining design. When the stained area changes, this footprint changes as well. If the stained area and the target structure overlap, there may be interference between them, and the artifact may therefore influence the amplitude of the target image. Figure 11f shows the image extracted along the blue line in Figure 9a . The GSA-based image is similar to the image obtained using conventional RTM. By normalizing the amplitude of the image in Figure 11f and adding the normalized true reflectivity, we can compare the two images and the true reflectivity. Compared with the true reflectivity, the image from conventional RTM has higher noise at a depth of approximately 3.1 km. The two images are consistent with the true reflectivity at a depth of approximately 2.6 km. The image obtained with the GSA has a higher S/N for the dipping reflector than the image obtained with conventional RTM, although the conventional RTM image also contains little noise. The GSA improves the image quality of the dipping reflector. Figure 12 shows a numerical experiment conducted on a velocity model of the SEG/EAGE 2D profile A-A′. In Figure 12a , the dashed and solid red lines are two staining area designs. These two staining designs will be used separately in migration. Figure 12b shows the reverse time migration image for comparison. Figure 12c and 12d shows the images obtained with the GSA and CDSA, respectively, for the staining design indicated by the dashed red line. Figure 12e shows the image obtained with the GSA for the staining design indicated by the solid red line. By comparing the three images generated by the staining algorithms with the conventional RTM image, we find that the staining algorithms improve the image quality of the subsalt area in the SEG/EAGE model. The subsalt image from RTM is almost invisible because of the stronger image elsewhere and the interference of artifacts. The similarity between the two images in Figure 12c and 12e demonstrates the flexibility of staining design for the GSA. Figure 12f shows the image extracted along the blue line in Figure 12a . Figure 12g shows the normalized result of Figure 12f with the true reflectivity added. Note that the x-location of the target structure is at a distance of approximately 7.2 km. In addition to the large difference in amplitude shown in Figure 12f , the generalized stained wavefield image has certain phase differences compared with the complex-domain stained wavefield image shown in Figure 12g . The GSA wavefield image agrees well with the conventional RTM image for the target structure shown in Figure 12f . However, the conventional migration process generates considerable noise with the complex velocity model because the real wavefield of the subsalt area is complex. When the distance is larger than 7.8 km, the image generated using conventional RTM contains excessive noise, and the energy of this noise is even stronger than the image of the true structure at a distance of approximately 7.2 km. The GSA is able to mute targetunrelated wavefields from the migration results. The images in Figure 12 show that the results of the GSA have much less noise than those of the conventional RTM. The dipping reflector in the subsalt area in Figure 12b is blurred by noise and is therefore indistinguishable, whereas in the GSA images, such as those shown in Figure 12c and 12e, the dipping reflector in the subsalt area is clear. Figure 13 shows a numerical experiment conducted based on the BP salt-dome model. The overhanging structure in the BP saltdome model, marked by the dashed red line in Figure 13a , is poorly illuminated, which poses a considerable challenge for most migration methods. Figure 13c and 13d shows Figure 10 . The seismograms for the stained wavefields at the location (2.8 and 2.9 km) for the three staining designs illustrated in Figure 9a -9c.
Generalized staining algorithm T23 in this area. For the same structure, the amplitude of the generalized stained wavefield migration image is smaller overall than that of the conventional RTM image, as shown in Figures 12f and 13e . The stained wavefield is a subset of the real wavefield. The stained area may not include multiples, as shown in Figure 2 . Therefore, the image obtained with the stained wavefield contains the structures adjacent to the stained area, and the amplitude of these structures is smaller than that of the same structures in the conventional RTM image. With the increasing distance to the target, the conventional RTM image has significantly more noise than the generalized staining image. The amplitude of the noise is as large as even the amplitude of the overhanging target structure. Noise at a distance of approximately 37 km in the image generated with the conventional RTM is suppressed in the GSA image because the GSA mutes target-unrelated information from the migration results. In the simple model shown in Figure 9a , the dipping reflector is well-illuminated, and its image obtained with conventional RTM has little noise. However, for more complex velocity models, there may be significantly more migration noise -sometimes even stronger than the signal of the target structure. In the GSA, the stained wavefield is a subset of the real wavefield. Although the GSA cannot improve the illumination of the original data, it isolates wave energy related to the target structure and mutes irrelevant information. This method is proposed to improve the S/N for the poorly illuminated area. In simple velocity models such as that shown in Figure 9a with a dipping reflector, the target is well-illuminated by conventional methods and improvements to the S/N by the GSA relative to the conventional RTM are limited. For poorly illuminated targets in complex media, the improvement to the S/N by the GSA is significant. Furthermore because the stained wavefield is a subset of the real wavefield that is related to the target structure, the stained wavefield contains noise related to the target structure. Consequently, this noise is maintained in the stained image. However, the GSA is a specialized migration method, and there may be data-derived random noise that this method is as unable to attenuate as other migration methods are.
Compared with conventional RTM, double forward-propagating source wavefields require extra memory and computational time for the GSA, and the backward-propagating receiver wavefields of the two methods are the same. Compared with conventional RTM, the GSA requires only little additional memory, but more computational time. The processing time of the GSA for one shot gather of the BP salt-dome model is approximately 1.6 times as long as the processing time for conventional RTM with the same computing environment. In general, the computational time of the GSA is less than twice that of conventional RTM. Overall, compared with the conventional method, the costs of additional memory and computational time associated with the GSA are acceptable. Figure 9c . (e) The imaginary image based on the CDSA for the staining design shown in Figure 9a . (f) The image extracted along the blue line in Figure 9a for the staining design shown in Figure 9a . (g) The normalized results shown in Figure 11e with the normalized true reflectivity added. 
CONCLUSION
We have proposed a GSA that preserves the amplitude of the stained wavefield, and we have applied this novel method in the modeling kernel of migration and RTM. We verified that the generalized stained wavefield is amplitude preserved in a heterogeneous model for a closed stained area, and we demonstrated that this method is practical and effective with nonclosed staining designs for complex velocity models. Similar to the CDSA, the GSA maintains the correspondence between the stained wavefield and subsurface target structures. Furthermore, the stained wavefield obtained by the GSA is amplitude preserved. By applying this algorithm with forward modeling, we obtain a relatively accurate target-oriented wavefield. By crosscorrelating the target-oriented source wavefield with the backward-propagating receiver wavefield, we obtain an image of the region around the stained area. The GSA mutes nontarget information in the wavefield and improves the S/N of the poorly illuminated area. The relatively accurate target-oriented wavefield ensures a high image quality compared with the regular RTM image of the same structure. In principle, this method may be adapted to any seismic wave propagator. Combining the GSA with amplitude-preserved migration may be a promising method for complex subsalt imaging.
